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Gold decorated titanate nanowires and nanotubes were investigated by XPS, XRD and HRTEM. XPS and UV-
Vis diuse reectance results suggested that a certain part of gold underwent an ion exchange process. Higher gold
loadings lead to the formation of nanosized-dispersed particles complexed to oxygen vacancies, with a diameter
distribution of 1.5-10 nm. Gold additives catalyzed the transformation of the tube structure to anatase. Gold,
however, stabilized the wire-like structure up to 873 K. [DOI: 10.1380/ejssnt.2014.252]
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I. INTRODUCTION
Heterogeneous catalysts are key components in 21st
century technology. Not only are most bulk and ne
chemicals produced using heterogeneously catalyzed re-
action steps, but suitable catalysts may also be the key
ingredients in future energy production, energy storage
and solving environmental problems [1{4]. Various tubu-
lar metal oxides have been developed recently and are of
interest because they are expected to exhibit novel phys-
ical and chemical properties [5{11]. These nanomateri-
als are often applied as catalyst supports because they
have a large specic surface area and may undergo an ion
exchange process with metals [12{16]. High-aspect-ratio
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TiO2 and titanate nanostructures are intensively stud-
ied at present because of their promising photoelectri-
cal [17, 18] biomedical [19] and Li+ and hydrogen storage
properties [20{22]. TiO2 structures are widely used in
photochemical applications, whereas titanates oer excel-
lent ion exchange properties [23], which are absent from
rutile and anatase. Therefore, both TiO2 and titanate
nanostructures are promising materials from the hetero-
geneous catalytic point of view. Organic photovoltaics
(OPVs) incorporated with TiO2 nanowires show lower en-
ergy disorder, improved charge transport, more balanced
electron-hole mobility and enhanced performance [24]. In
addition, nanostructured titanates have impressive me-
chanical properties [25]. A comprehensive review [26] and
a further work [27] about the fabrication, modication
and application of titania nanoobjects were published re-
cently.
Nanotubes and nanowires prepared either by the sol-
gel method [7, 28, 29] or by hydrothermal conversion [10]
can stabilize gold and rhodium in a dispersed form (1.5-
5 nm) [29{31]. Palladium nanoclusters in dierent sizes
could be also prepared on TiO2 nanotube arrays [12],
where the nanotubes were prepared by electrochemical
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methods [32, 33]. Gold-containing titania nanotubes were
found to outperform the Degussa P-25 reference catalyst
in the photo-oxidation of acetaldehyde [29], the water-gas
shift reaction [34] and CO and hydrogen oxidation [28, 35].
Gold supported on titanate nanostructures (tubes and
wires) exhibited signicant catalytic activity in the hydro-
genation of CO2 [36] and in ethanol decomposition [37].
Since gold is the least reactive metal, it has been gen-
erally regarded as poorly active as a heterogeneous cat-
alyst. However, when the gold is deposited on certain
metal oxides (including TiO2) as ultra-ne particles, its
chemistry changes dramatically [3]. Understanding the
nucleation and growth of metal on oxide surfaces is of
critical importance in a wide variety of applications in-
cluding heterogeneous catalysis [38{41]. The catalytic
performance of gold markedly depends on the dispersion,
the supports and the preparation method. When gold
was deposited as hemispherical particles with a diameter
smaller than 5 nm, it exhibited surprisingly high activ-
ities in the combustion of CO and saturated hydrocar-
bons [4, 42] as well as in the oxidation of methanol on
Au/TiO2(110) [43]. Understanding the chemical environ-
ment and morphology of gold particles is extremely im-
portant. The growth, morphology and surface character-
ization of Au on TiO2(110) characterized by STM, XPS
and LEIS were the subject of several recent works [44{
55]. The main message of these studies is that the rate
of diusion, particle sizes and bonding energy of Au to
TiO2(110) are markedly inuenced by the structure of
TiO2(110) surfaces. It was shown experimentally that
the nucleation probability could be enhanced by forming
additional surface defects. Consistent with this, Iddir and
co-workers have shown in their theoretical work that there
is a substantial dierence in the bonding energies insofar
as they are much higher at oxygen vacancies [56].
Titanate nanostructures are prepared by the alkali hy-
drothermal recrystallization of TiO2 into sodium triti-
tanate. Although the thermodynamically favored species
under the reaction conditions is the nanowire, it is possi-
ble to exploit the slow kinetics of the recrystallization and
stop the reaction at a point where the product mixture
consists mostly of titanate nanotubes [10]. Nanotubes
and nanowires are both constructured from a negatively
charged framework of edge- and corner-sharing TiO6 oc-
tahedra. The charge is compensated by mobile cations lo-
cated in the interlayer ion exchange positions. Of course,
compensating, easily exchangeable cations are not present
in TiO2. It is rather plausible that this structural dier-
ence between titanate nanostructures and TiO2 can af-
fect their interaction with metal atoms/ions. For this
reason, in this work the interaction of Au with titanate
nanowires/nanotubes and with TiO2(110) is characterized
and compared. Beside the chemical state and bonding of
Au to the support, the eect of Au on the thermal sta-
bility of titanate nanostructures is addressed, motivated
by our previous work describing the destabilizing eect of
rhodium on titanate nanowires and nanotubes [13].
II. EXPERIMENTAL
The titanate nanowires and nanotubes were prepared
by mixing 2 g of anatase into 140 cm3 10 M aqueous NaOH
solution until a white suspension was obtained, aging the
suspension in a closed, cylindrical, Teon-lined autoclave
at 400 K for 1-72 h while rotating the whole autoclave
intensively at 60 rpm around its short axis, and nally
washing the product with deionized water and neutraliz-
ing with 0.1 M HCl acid solution to reach pH=7; at this
point, the titanate nanostructures slurry was ltered and
dried in air at 353 K [10]. Acid washing is a standard
method in titanate nanotube and nanowire synthesis. It
is used to exchange as much Na+ ions in the structure
to protons as possible. The resulting material is gener-
ally referred to as \H-form" titanate. The benets of this
procedure are (i) that the material is converted into a
quasi-standard form which can be readily reproduced in
any laboratory, and (ii) that H-form titanates are more
easily converted to -TiO2 or anatase thermally by water
loss than their Na+-containing counterparts. It should
be noted that the integrity of the trititanate structure
could be compromised below pH 7. The impurity level
of the produced nanocomposites was less than 1%. The
foreign elements determined by X-ray photoelectron spec-
troscopy (XPS) were C, Ca, and Na that remained in the
product from the preparation process. The Au containing
titanate nanowires and nanotubes samples with the same
actual Au loading, 1-2.5% were prepared by deposition-
preparation method [35{37] at pH=7 and at 343 K, fol-
lowed by treatment in H2 at 473 K.
The ultra high vacuum experiments were done in two
separate chambers. One of them (1) was used to ana-
lyze the high area titanate samples, while measurements
related to TiO2(110) were conducted in the other (2).
Chamber (1): XP spectra were taken with a SPECS in-
strument equipped with a PHOIBOS 150 MCD 9 hemi-
spherical analyzer. The analyzer was operated in the
FAT mode with 20 eV pass energy. The Al K radia-
tion (h = 1486:6 eV) of a dual anode X-ray gun was
used as an excitation source. The gun was operated at a
power of 150 W (12.5 kV, 12 mA). The energy step was
25 meV, electrons were collected for 100 ms in one chan-
nel. Typically ve scans were summed to get a single high-
resolution spectrum. The Ti 2p3=2 maximum (458.9 eV)
was used as the energy reference. The same data were ob-
tained when C 1s (adventitious carbon at 285.1 eV), or O
1s lattice oxygen (530.4 eV) were used as references. The
sample preparation chamber was directly connected to the
measuring chamber to avoid the contamination of samples
between the steps. For spectrum acquisition and evalu-
ation both manufacturer's (SpecsLab2) and commercial
(CasaXPS, Origin) software packages were used.
Chamber (2): Experiments related to the TiO2(110) sin-
gle crystal were conducted in a separate UHV cham-
ber [37, 57]. The crystal was a product of PI-KEM. Its
temperature could be controlled between 150-1000 K. The
sample was cleaned by applying cycles of Ar+ ion sput-
tering (5 A, 1.5 keV, 10 min) at 300 K and vacuum
annealing at 930 K for 5 min. Au was deposited from
an e-beam evaporator supplied by Oxford Applied Re-
search. The chamber had facilities for Auger electron
spectroscopy (AES), XPS and LEIS. Electrons were de-
tected by a Leybold EA 10/100 hemispherical analyzer.
An Al K anode was used as an X-ray source and the
binding energy scale was referenced to the 4f7=2 peak of
a thick Au layer set to 84.0 eV.
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UV-Vis diuse reectance spectra were obtained rel-
ative to the reectance of a standard (BaSO4) using an
UV/Vis spectrophotometer (OCEAN OPTICS, Typ.USB
2000) equipped with a diuse reectance sampling acces-
sory. The samples were pressed into pellets of 2 g BaSO4
and 50 mg of the titanate material.
The morphology of the pristine and Au modied ti-
tanate nanostructures was characterized by transmission
electron microscopy (FEI Tecnai G2 20 X-Twin; 200 kV
operation voltage, 180000 magnication, 125 pm/pixel
resolution). X-ray diractometry (Rigaku MiniFlexII;
CuK) and electron diraction technique were used for
crystal structure and crystallinity determinations. The
Au particle size distribution was determined by image
analysis of the HRTEM pictures using the ImageJ soft-
ware. At least ve representative images of equal mag-
nication, taken at dierent spots of the TEM grid
were rst subjected to rolling ball background subtrac-
tion and contrast enhancement, then the diameter of the
metal nanoparticles in the image was manually measured
against the calibrated TEM scale bar. Each diameter dis-
tribution histogram was constructed from 200 individual
nanoparticle diameters [13, 14].
III. RESULTS AND DISCUSSION
We rst review the basic XPS characteristics of stoi-
chiometric and reduced TiO2(110) surfaces at 300 K. The
XP photoelectron spectrum of an annealed, stoichiometric
TiO2(110) is shown in Fig. 1(A). The Ti 2p emissions were
symmetric; Ti 2p3=2 appeared at 458.8 eV corresponding
to Ti4+. The noble gas ion sputtering made it possible to
reduce the TiO2(110). The Ne
+ bombarded TiO2(110)
surface showed signicant broadening towards the lower
binding energy side, attributed to the transformation of a
part of Ti4+ ions to Ti3+ (457.1 eV) and Ti2+ (455.2 eV).
Gold was deposited onto the reference TiO2(110) sur-
faces in the UHV chamber (2). The deposition rate was
calibrated with a quartz crystal microbalance incorpo-
rated into the UHV chamber. In some cases it was cross-
checked by calculating the Au coverage from XPS peak
areas. The two methods agreed with a precision of 10%.
The Au 4f7=2 peak positions were measured as a function
of Au coverage. The peak appeared at 84.3 eV at very
low coverage (0.04 ML) on the stoichiometric TiO2(110)
surface. The position of this emission shifted slightly to
lower binding energy with increasing coverage (Fig. 1(B)).
Above 1 ML coverage it was located at 84.0 eV which cor-
responds to the bulk position. The observed shift can be
attributed to the nite size of the clusters combined with
the insulating nature of the substrate, which results in a
less ecient screening of the core hole formed in the pho-
toemission process. This \nal-state" eect depends on
particle size, which in turn correlates with 4f7=2binding
energy [47, 58].
On reduced TiO2(110) the binding energy shift from
submonolayer to monolayer is larger (> 0:6 eV) than that
of the stoichiometric surface as indicated by the Au 4f7=2
spectra recorded at dierent gold coverages (Fig. 1(C) and
1(D)). It was shown experimentally that the nucleation
probability could be enhanced by increasing the number of
surface defects. The deposited Au forms smaller size crys-
FIG. 1: The Ti 2p region of the nearly stoichiometric
TiO2(110) surface and after Ne
+ bombardment (A); The Au
4f region collected after the evaporation of an increasing
amount of Au at 300 K on a nearly stoichiometric TiO2(110)
(B) and on the Ne+ sputtered titania surface (C); The Au
4f7=2 peak positions as a function of Au coverage on the stoi-
chiometric and on the sputtered TiO2(110) surface (D).
tallites in higher density on the thermally reduced surface
relative to the stoichiometric substrate [59]. The same ef-
fect was observed for TiO2(110) surface bombarded with
low energy Ar ions [60]. The average particle diameter of
gold changed from 2.0 to 3.5 nm when the gold was de-
posited at 300 K on nearly perfect TiO2(110) [44{55, 61].
We now turn our attention to the properties of gold
deposited on titanate nanotubes and nanowires. Atomi-
cally dispersed gold can be produced on porous TiO2 and
titania nanostructures (nanotubes, nanowires) by copre-
cipitation or deposition-precipitation methods [28{31, 35].
Although it is virtually impossible to prepare a truly
monodisperse collection of metallic particles (i.e. par-
ticles of exactly the same diameter), in the past years
signicant progress was made in the preparation of gold
particles with a narrow diameter distribution between
2-10 nm [28{31, 35, 42]. Using the above-mentioned
preparation method, we produced gold nanoparticles on
titanate nanowires and nanotubes. Figure 2 shows a typi-
cal HRTEM image obtained on nanowires and nanotubes.
The size of Au nanoparticles is between 1.5 and 10 nm.
The chemical environment of gold nanoparticles was char-
acterized by XPS after reduction in H2 atmosphere for
60 min at 473 K. The 4f spectra of gold deposited on
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FIG. 2: HRTEM image on Au decorated (2.5%) titanate

















FIG. 3: Au 4f XPS on Au loaded titanate nanowires and
nanotubes at dierent gold content.
titanate nanostructures at two dierent Au loadings are
displayed in Fig. 3. The observed features are quite dif-
ferent from those observed on TiO2(110) insofar as two
peaks are present in the reduced sample spectra for Au
4f7=2 at 84.0 eV (metallic state) and at 86.1-86.4 eV.
Two dierent explanations can be oered for the ap-
pearance of this unusually high binding energy gold state.
As mentioned above, core level shifts due to particle size
must be considered in the interpretation of the spectra
of nanoparticles [58]. Although this eect undoubtedly
plays a role in the present case, the observed nearly 2 eV
binding energy shift cannot be explained satisfactorily by
this way alone. The second possible explanation is that
Au may have undergone an ion exchange process. This
is not possible on TiO2(110) because of the lack of com-
pensating cations, however, it is quite likely to happen
on titanates which are well-known for their ion-exchange
ability [23].
An XPS-independent proof for the ion exchange can
be obtained by measuring the band gap energy. Cheng
et al. have provided theoretical evidence for ion ex-
change induced band gap reduction in a similar system
(Ni-manganite) [62]. In our experimental work the band
A
B
FIG. 4. XRD of Au loaded (2.5%) nanotubes (A) and nanowires (B) as a function of 
FIG. 4: XRD of Au loaded (2.5%) nanotubes (A) and
nanowires (B) as a function of annealing temperature. The
bottom diractograms represent the pristine H-form titanate
nanotubes and nanowires.
gap energy (Eg) was calculated according to Beranek and
Kisch [63] who used the equation  = A(h   Eg)n=h,
where  is the absorption coecient, A is a constant,
h is the energy of light and n is a constant depending
on the nature of the electron transition. Assuming an
indirect band gap (n = 2) for TiO2 [64], with  propor-
tional to F (R1) the band gap energy can be obtained
from Kubelka-Munk plots (not shown) of [F (R1)=h]1=2
vs. h as the interception at [F (R1)=h]1=2 = 0 of the
extrapolated linear part of the plot. The band gap for
pure titanate nanowire was 3.14 eV, while that for Au-
doped titanate nanowire was less: 2.84 eV for 1 wt% and
2.50 eV for 2.5 wt% Au content. Somewhat smaller de-
creases in band gap energy were measured for gold con-
taining nanotubes. The pronounced decrease of the band
gap of titanate nanowires upon loading with Au suggests
a very strong electronic interaction between the titanate
nanostructure framework and gold, which may eventually
result in an ion exchange process similar to that occurring
in cobalt and silver loaded titanates [14, 16].
The temperature-induced transformation of titanate
nanostructures into titania is intensely researched today.
Of particular importance are studies on converting metal
ion exchanged titanates into anatase, because this method
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FIG. 5: HRTEM images of H-form titanate nanotubes (A)
and Au containing (2.5%) nanotubes after dierent heat treat-
ments; B { 473 K, C { 673 K, D { 873 K. The scale bars shown
in A to D correspond to 20 nm.
oers excellent homogeneous metal doping [65]. Below we
explore the behavior of gold-loaded titanate nanotubes
upon thermal annealing. Acid washing resulted in a mild
destruction of the inner and outer walls of the nanotubes
(bottom diractogram in Fig. 4(A)). According to previ-
ous studies thermal treatment below 673 K had no sig-
nicant eect on the crystal structure [13]. Interestingly,
typical anatase reexions (25.3 (1 0 1), 37.0 (1 0 3),
37.8 (0 0 4), 38.6 (1 1 2), 48.1 (2 0 0), 53.9 (1 0 5))
appeared already at 473 K in gold-loaded samples in ad-
dition to the reexions of gold (Fig. 4(A)). TEM images
conrmed the tubular morphology of the as-synthesized
titanate nanotubes with a diameter of 7 nm and length
up to 80 nm. Partial wall destruction caused by acid
washing is observable in Fig. 5(A). In agreement with the
XRD results no morphological degradation could be ob-
served without gold loading upon heat treatment up to
573 K (not shown). However, when the titanate nan-
otubes were decorated by gold, the tube structure was
destroyed as low as at 473 K; the morphology did not
change further up to 878 K (Fig. 5(B)-(D)).
Interestingly, gold-loaded titanate nanowires exhibit
a somewhat dierent thermal behavior than nanotubes.
The crystal structure of the pristine nanowires is a
mixture of dierent titanate forms, mostly -TiO2 and
HxNa(2 x)Ti3O7 as shown by several authors using X-
ray diractometry [10, 13, 14]. Acidic treatment also re-
sulted in crystallinity degradation (bottom diractogram
in Fig. 4(B)). The crystal transformation is continuous
during the thermal annealing process. XRD patterns
recorded from a sample annealed at 473 and 573 K indi-
cated the collapse of the layered structure and appearance
of an anatase phase with low crystallinity. The presence
of Rh and Co additives has been shown to accelerate this
transformation [13, 14]. Therefore, it is a new and im-
portant observation of the present report that Au loading
has not promoted this process; on the contrary, it stabi-









FIG. 6: HRTEM images of H-form titanate nanowires (A)
and Au containing (2.5%) nanowires after dierent heat treat-
ments; B { 473 K, C { 673 K, D { 873 K.
lized the layered structure (Fig. 4(B)). The morphology
of the titanate nanowire is unchanged up to 873 K. XRD
showed reections due to gold (38.2 (1 1 1), 44.4 (2 0 0))
at dierent temperatures. In agreement with the XRD re-
sults, the HRTEM images have also shown that nanowires
preserve their wire-like morphology up to 873 K (Fig. 6).
IV. CONCLUSIONS
Gold nanoparticles were prepared on one dimensional
H-form titanate nanostructures as well as reference
TiO2(110) surfaces. The chemical nature and the mor-
phology of gold particles were characterized by X-ray
photoelectron spectroscopy, XRD and HRTEM. An un-
expectedly high binding energy gold state was found by
XPS in gold-loaded titanate nanostructures. This state
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was absent from the spectra of gold-loaded TiO2(110). A
likely explanation for this phenomenon, supported also by
characteristic decrease of band gap energy from 3.14 eV
to 2.50 eV with increasing Au content, is that the de-
pending on metal loading, Au is stabilized on titanate
nanowires partially in positively charged gold form by ion
exchange and also as Au clusters. Our second impor-
tant new nding is that the thermal annealing behavior
of Au loaded titanate nanotubes and nanowires are dif-
ferent. The former loose their tubular morphology and
are readily transformed into anatase even at the very low
temperature of 473 K. On the other hand, gold stabilizes
the layered structure of titanate nanowires up to 873 K.
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